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Nucleic-acid-chaperone activity
of retroviral nucleocapsid
proteins: significance for viral
replication

Alan Rein, Louis E. Henderson and
Judith G. Levin

Retrovirus particles contain a small, basic protein, the nucleocapsid (NC)
protein, that possesses ‘nucleic acid chaperone’ activity — that is, the NC
protein can catalyze the rearrangement of a nucleic acid molecule into the
conformation that has the maximal number of base pairs. The molecular
mechanism that underlies this effect is not understood. Because the chap-
erone activity is apparently crucial during the infectious process, NC is a

potential target for antiviral therapy.

EXPRESSION OF A single protein
species, the Gag polyprotein, is sufficient
for assembly of retrovirus particles in
cells of higher eukaryotes. If viral RNA
containing an intact packaging signal is
present in the cell, it will be incorpo-
rated into the nascent particle; thus the
polyprotein is capable of a highly spe-
cific interaction with RNAL

Shortly after the virus particle is
released from the cell, it undergoes
a major structural change termed
‘maturation’. Maturation is brought about
when the Gag polyprotein is cleaved, by
the virus-encoded protease, into a se-
ries of products. As indicated in Fig. 1,
the cleavage products always include at
least three proteins, designated (from N-
to C-terminus) the matrix, capsid and
nucleocapsid (NC) proteins!. The latter
is the subject of this review.

Retroviral NC proteins are very small,
highly basic proteins: in the case of
human immunodeficiency virus type 1
(HIV-1), for example, NC contains only
55 amino acid residues (Fig. 1) and has a
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pl of 10.0-11.0. NC proteins bind both to
ss/dsDNAZ2 and to ssRNA in vitro, and are
associated with the genomic RNA in the
interior of the mature retrovirus particle.
The NC proteins of all retroviruses (ex-
cept those of the spumavirus group) con-
tain one or two zinc fingers of the form
CX,CX,HX,C; according to NMR analysis,
these fingers form very tight, rigid loops
within the protein. Studies using viral
mutants show that these fingers are cru-
cial for packaging of genomic RNA dur-
ing virus assembly (which occurs before
the NC protein is freed from the Gag
polyprotein by the viral protease) and
that they have other essential functions
that have not yet been identified'.

Nucleic-acid-chaperone activity of
nucleocapsid proteins

NC proteins have an unusual bio-
chemical activity: they can act as nu-
cleic acid chaperones - that is, they
catalyze the folding of nucleic acids into
conformations that have the maximal
number of base pairs. They appear to do
this by lowering the energy barrier for
breakage and re-formation of base pairs.
Thus, interactions between a nucleic
acid molecule and an NC protein result
in the transient unpairing of bases
within the chain, which makes the bases
available for re-pairing in alternative
combinations. This activity allows nu-
cleic acid molecules to escape from sub-
optimal conformations, which would
otherwise represent kinetic traps.

This capability of NC proteins has been
demonstrated in a wide variety of assay
systems: NC proteins accelerate anneal-
ing of complementary strands*?®, facili-
tate transfer of a nucleic acid strand from
one hybrid to a more-stable hybrid58,
cause unwinding of tRNA? and stimulate
release of the products of hammerhead-
ribozyme-mediated RNA cleavage!*-'2,
Nucleic acid chaperones have been the
subject of two recent reviews!'®!4; an-
other protein that has this type of activ-
ity is hnRNP Al (reviewed in Ref. 15).

Work over the past few years has sug-
gested that the nucleic-acid-chaperone
activity of NC protein comes into play at
at least three points during the retrovi-
ral life cycle and is of crucial importance
for viral replication. In this review, we dis-
cuss this activity and its biological
significance. Although much of the work
presented has been done using the
HIV-1 NC protein, the conclusions drawn
presumably apply to other retroviruses
as well.

Maturation of dimeric RNAs within
retrovirus particles

In all retrovirus particles, the genomic
RNA is actually present as a dimer. The
structure of this dimer is not well under-
stood; however, the dimer is known to be
composed of two identical, positive-
strand, genomic RNA molecules that are
held together by a limited number of base
pairs!. Studies on several different retro-
viruses have shown that the dimer under-
goes a conformational change within the
first hour(s) after the virus is released
from the cell; this change renders it more
compact (it migrates more rapidly in both
sedimentation and electrophoresis analy-
ses) and more thermostable (the tempera-
ture required to dissociate the dimer in-
creases)'®18, This conformational change
is termed maturation of the dimer. It seems
likely that, initially, the genomic RNA is
incorporated into the nascent particle in
the form of a dimer and that subsequently
it is converted to a new, more-stable
dimeric state — presumably one in which
there is a higher number of base pairs.

Studies on mutant viruses were em-
ployed in an attempt to elucidate the
molecular mechanisms that underlie the
maturation event!”18, These experiments
showed that maturation of the dimer is
dependent upon the presence of an ac-
tive virus-encoded protease within the
particle. This finding suggested the ex-
istence of a three-step pathway: (1) an
immature dimer is packaged into a virus
particle; (2) the viral protease, activated
when the virus is released from the cell,
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Figure 1

Origin and structure of the nucleocapsid (NC) protein. During maturation of a retrovirus par-
ticle, the Gag polyprotein is cleaved (indicated by arrows) into a series of products. The
products always include the matrix (MA), capsid (CA) and NC proteins, although one or
more non-conserved products are often present as well. The sequence of the MN isolate of
HIV-1 NC is shown. Basic residues are shown in red; acidic residues are shown in blue;

zinc-coordinating residues are shown in yellow or green.

cleaves the Gag polyprotein into a series
of products; and (3) one of these cleav-
age products interacts with the im-
mature dimeric RNA, enabling the RNA
to adopt a more-stable dimeric form.
Because NC proteins associate with the
viral RNA within the mature retrovirus
particle and possess nucleic-acid-cha-
perone activity in vitro, it was natural
to postulate that the NC protein is the
cleavage product responsible for matu-
ration of the dimeric RNA.

This hypothesis was strongly sup-
ported by experiments using recombi-
nant HIV-1 NC protein in vitro. These
experiments exploited the fact that RNA
transcripts that are a few hundred bases
in length, and contain sequences from the
5’ end of retroviral genomes, can dimer-
ize spontaneously when incubated in
buffers that have a high ionic strength
and contain Mg?" (Ref. 4). Depending
upon the incubation conditions used,
335-nucleotide transcripts of Harvey-
sarcoma-virus RNA form one of two al-
ternative types of dimer, which differ in
their thermostability. This observation
made it possible to show that incubation
of the less-stable form of dimer with re-
combinant NC protein caused conver-

sion of the dimer to the more stable
form!. Analogous observations were also
made in a study that used HIV-1, rather
than Harvey sarcoma virus, transcripts?.
The conformational change induced in
these transcripts by the NC protein ap-
pears to mimic, in a simple, defined sys-
tem in vitro, the maturation of dimeric
RNA that takes place within the retro-
virus particle.

The effect of nucleocapsid protein upon the

efficiency of reverse transcription
When DNA is generated from an RNA
template in vitro by reverse transcriptase
(RT), the DNA product is frequently in-
complete - that is, RT tends to ‘pause’ or
‘stall’ at specific sites on the template
RNA?-%6, These sites are often, though
not always, stem-loop structures in
the RNA. The presence of recombinant
HIV-1 NC protein greatly reduces pausing
by RT and increases the efficiency
of synthesis of the fulllength DNA prod-
uct®2, This effect almost certainly re-
flects the nucleic-acid-chaperone activity
of the NC protein. Because the protein
can break base pairs, it appears to be able
to eliminate transiently the secondary
structures in the template RNA that ob-
struct the polymerization pro-

cess (Fig. 2). Although this ef-
fect of NC protein has only
been demonstrated in vitro, it
is probably quite significant

during the viral DNA synthe-
sis that occurs upon infection

of a new host cell by a retro-
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Figure 2

Effect of nucleocapsid (NC) protein on DNA elongation
during reverse transcription. Addition of NC to reverse
transcription reactions in vitro reduces the pausing of re-
verse transcriptase, presumably by transiently destabiliz
ing regions of secondary structure in the template RNA.
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The effect of nucleocapsid
protein on strand transfer
during reverse transcription
Synthesis of the DNA copy
of the viral genome is initi-
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ated from a cellular tRNA molecule. The
3’ 18 bases of this tRNA are complemen-
tary to a region of the viral RNA termed
the primer-binding site (PBS); the tRNA
is annealed to the PBS during (or before)
assembly of the virus particle.
Somewhat surprisingly, the PBS is only a
short distance (~100-200 bases) from
the 5 end of the genomic-RNA
template. The template is terminally re-
dundant; the sequences that are re-
peated at each end of the viral RNA are
called the R region. The first product of
reverse transcription is a DNA copy of
the ~100-200 bases that lie between the
PBS and the 5' terminus of the viral RNA
(see Fig. 3). As the RNA template is
copied, it is digested by the RNase H
activity of reverse transcriptase. The
DNA fragment produced, termed the
‘(—) strand strong-stop DNA', must then
be annealed to the R region at the 3’ end
of the genomic RNA before reverse
transcription can continue. This anneal-
ing event is termed ‘strand transfer’’.

In the case of HIV-1, attempts to re-
construct the reverse-transcription pro-
cess using purified components have
shown that strand transfer is extremely
inefficient in vitro if the 5 end of the
template RNA is a faithful replica of the
5" end of the viral genome. Analysis of
the products revealed that this ineffi-
ciency is due to a competing synthetic
pathway: the 3' end of the (—) strand
strong-stop DNA folds into a stable sec-
ondary structure composed of se-
quences that are complementary to the
TAR-stem loop that is present at the 5’
end of the HIV-1 genome. This sec-
ondary structure enables the DNA to
fold back on itself and self-prime DNA
synthesis?*3; this whole process leads
to the addition of (+) strand sequences
to the (—) strand strong-stop DNA (Fig.
3). Formation of these extension prod-
ucts is incompatible with successful
strand transfer®® and with synthesis of a
faithful DNA copy of the viral genome.

The presence of NC protein pro-
foundly increases the efficiency of
strand transfer by HIV-1 reverse tran-
scriptase: the level of transfer rises from
~3% (in the absence of NC protein) to as
much as 65% [in the presence of high
levels of NC protein (see Fig. 3)]30-34
This effect of the NC protein, like its ef-
fect on the efficiency of strand elon-
gation, can be ascribed to its nucleic-
acid-chaperone activity. Thus, the
hybrid between the R sequence at the 3’
end of genomic RNA and its complement
(r) in the (—) strand strong-stop DNA
contains more base pairs than does the
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Figure 3

Effect of nucleocapsid (NC) protein on strand transfer during reverse transcription.
Synthesis of a complete (—) strand DNA copy of the viral genomic RNA depends on the an-
nealing of ‘r’ sequences in the (—) strand strong-stop DNA (the initial product of reverse
transcription) to R sequences at the 3’ end of the template RNA. However, in a competing
reaction, self-complementary sequences (the complement of the TAR stem-loop) cause the
(=) strand strong-stop DNA to fold back on itself and prime continued synthesis, which re-
sults in the extension of the (—) strand DNA with (+) strand sequences. Addition of NC to
reverse transcription reactions in vitro prevents this self-priming reaction and profoundly in-
creases the level of synthesis of full-length (—) strand DNA.

stem-loop that is formed by the (-)
strand TAR sequence in the (—) strand
strong-stop DNA. We can assume that
the NC protein destabilizes the (-)
strand TAR stem-loop in the DNA, as
well as the TAR sequences in the 3’ end
of the template RNA; this makes their
constituent bases available for forma-
tion of the more stable r-R hybrid that is
required for successful strand trans-
fer™0, These in vitro results, like those
on strand elongation, strongly suggest
that NC is a crucial accessory protein
for reverse transcription in vivo.

RNA-RNA interactions before/during
retrovirus assembly: a possible nucleic-acid-
chaperone activity of the Gag polyprotein
Analysis of virus particles that lack
the viral protease shows that at least
two RNA-RNA interactions occur before
or during assembly of the retrovirus par-
ticle (i.e. before cleavage of the Gag
polyprotein and release of the NC pro-
tein)!"1835-38; the initial association of
two genomic RNA molecules to form the
immature dimer; and the annealing of a
cellular tRNA molecule to the PBS.
Because the latter entails the disruption
of the normal secondary and tertiary
structure of the tRNA, it would seem to
require an as-yet-unidentified nucleic-
acid-chaperone cofactor. This putative
cofactor appears to have some relation-
ship to the NC protein: an early study
showed that a mutation within the NC

coding region prevented placement of
the tRNA on the PBS (Ref. 39). However,
even though the NC protein is capable of
catalyzing both dimerization and tRNA
annealing in vitro*, the NC protein per se
is not required for these events in vivo -
as noted above!"1835-38 particles that lack
an active protease still contain immature
dimeric RNA molecules with annealed
tRNAs. An attractive possibility is that
the Gag polyprotein itself, in which the
NC peptide exists as a domain, is respon-
sible for these effects. This seems
particularly plausible, because several
intermediate cleavage products of Gag,
which contain NC along with other, ad-
jacent domains, possess chaperone
activity>40-42,

Molecular mechanisms that underlie the
nucleic-acid -chaperone activity of
nucleocapsid protein

The ability of the NC protein and
other nucleic acid chaperones to de-
stabilize base pairs transiently, and thus
catalyze the rearrangement of nucleic
acids into optimally base-paired confor-
mations, has not yet been explained in
molecular terms. However, because of
its small size (the entire 55-amino-acid
sequence of the HIV-1 NC protein is
shown in Fig. 1), the NC protein would
appear to offer an ideal system for
mechanistic investigations.

One approach to understanding the
mechanism of nucleic-acid-chaperone

action has been that of analyzing the
stoichiometry of the reaction. Dose-
response studies have shown consis-
tently that a threshhold concentration
of the protein is required for demonstra-
ble nucleic-acid-chaperone effects’%192630,
This minimum concentration is gener-
ally in the range of 1 protein molecule
per ~7 nucleotides. Because binding
measurements have shown that this is
approximately the ratio at which a nu-
cleic acid becomes saturated with NC
protein®## it appears that there is lit-
tle chaperone effect unless the nucleic
acids are almost completely covered by
the protein. This in turn raises the possi-
bility that there is no turnover in the
catalysis of conformational changes by
NC protein. (The need for saturating
amounts of NC protein might also indi-
cate that interactions between NC-pro-
tein molecules bound to nucleic acid
play a role in the chaperone effect, as
suggested by Tanchou ef al.?®)

The mechanism behind nucleic-acid-
chaperone activity has also been inves-
tigated by testing the activity of mutant
NC proteins, and a number of different
assays have been used. These studies
have shown that the highly basic char-
acter of the NC protein is essential for
its activity. By contrast, drastic alter-
ations in, or even elimination of, the zinc
fingers (e.g. replacing all six cysteine
residues in the two HIV-1 NC zinc fingers
with alanine residues) generally cause a
somewhat-limited reduction in the chap-
erone activity of the protein!2192641,

The ability of the NC protein to cat-
alyze conformational rearrangements in
nucleic acids is, as far as is known, inde-
pendent of the sequence of the nucleic
acid, and many assays for chaperone
activity use nonviral nucleic acid
sequences. Nevertheless, the binding
of the NC protein to nucleic acids - as
measured by surface plasmon reso-
nance, filter binding, footprinting or
electrophoretic-mobility-shift assays -
exhibits strong sequence prefer-
ences>*8, These preferences could re-
flect the specificity with which the
parental Gag polyprotein encapsidates
genomic RNA during virus assembly, but
they might also relate to the functions of
the NC protein itself as a nucleic acid
chaperone. It would be intriguing to
know whether or not the sequence
specificity of interactions between the
NC protein and nucleic acids affects the
ability of NC protein to destabilize base
pairs transiently - as required for its
nucleic-acid-chaperone activity.

Very recently, the three-dimensional

299



REVIEWS

basic residues (Lys3, Arg7,
Argl0 and Lys11), form a 3, -
helix that penetrates the
major groove of the RNA
stem [note that the NC pro-
tein used in the NMR study
(Fig. 4) is from an HIV-1 iso-
late that is different from
that shown in Fig. 1; there
are minor differences in the
amino acid sequences of the
two proteins]. These basic
residues all participate in
nonspecific, electrostatic in-
teractions with the phospho-
diester groups of the stem. In
addition, Asnb interacts with
a G base and a C base that lie
near the top of the stem in
this structure.

Strikingly, the NC protein
appears to have two distinct
domains: one (the zinc fin-
gers) engages in highly spe-
cific interactions with bases;
the other (the N-terminal
basic region) binds to an RNA
helix, largely through electro-
static interactions with the
backbone. However, the pro-
tein could well adopt other
conformations in complexes
that involve other nucleic
acid structures®; as noted
above, chaperone activity is
apparently independent of
the nucleic acid sequence in

Figure 4

Three-dimensional NMR structure of the nucleocapsid
(NC) protein bound to an RNA stem-loop. The N-termi-
nal 12 residues of NC (shown in red) lie in the major
groove of the RNA stem (shown in gray), while the two
zinc fingers (shown in blue and green) engage in spe-
cific interactions with several of the purine bases
(shown in green, pink, purple and orange) in the loop.
The zinc ions are shown in white. Coordinating cysteine
residues are shown in yellow; coordinating histidine

the complex. The data re-
viewed above are generally
consistent with the hypoth-
esis that the basic, N-terminal
domain is responsible, at
least in part, for the nucleic-
acid-chaperone activity of the
protein, although the mecha-
nism of this activity is still an
unsolved problem.

residues are shown in blue. The NC protein shown is

from the NL4-3 isolate of HIV-1. Figure courtesy of
Michael F. Summers and Roberto N. De Guzman.

structure of a complex between an HIV-1
NC protein and an RNA stem-loop was
obtained by NMR* (Fig. 4). The stem-
loop is part of the signal (in the viral
RNA) that directs incorporation of the
RNA into the assembling virus particle,
and it binds to NC protein with relatively
high affinity (K, = 100 nM). In the com-
plex, the zinc fingers (see Fig. 1) both
engage in highly specific interactions
with bases in the RNA loop. By contrast,
residues 3-11 ( at the N-terminus of the
protein), which include four conserved
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Implications

The fundamental conclu-
sion from the work discussed
here is that retroviruses possess a pro-
tein, the NC protein, that performs cru-
cial catalytic functions during viral matu-
ration and infection. In this respect, the
NC protein resembles the three classical
retroviral enzymes - protease, RT and in-
tegrase - and, like these enzymes, the
NC protein can be considered to be a
potential target for antiviral therapy.

Such therapies might be of two types:
agents that interfere with NC-catalyzed
events without interacting with the NC
protein itself; and agents that attack the
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NC protein directly. One example of the
first class is actinomycin D, which in-
hibits the annealing step in HIV-1 (-)
strand-transfer in vitro, presumably as a
result of an interaction between actino-
mycin D and the (-) strand strong-stop
DNA. NC protein was unable to overcome
this effect of actinomycin D (Ref. 51).

Several other compounds that appear
to inactivate retroviruses by interacting
with the NC protein have been identi-
fied’253, These compounds are hydro-
phobic, mild oxidizing agents; their hy-
drophobic character enables them to
cross the lipid bilayer that coats the
virus particle, while their oxidizing ac-
tivity induces disulfide crosslinking be-
tween Cys residues in the NC-protein
zinc fingers within the viral core.
Despite their lack of chemical speci-
ficity, these agents are relatively non-
toxic to the host, probably because mild
oxidizing agents are rendered innocu-
ous by the reducing environment within
the host cell.

The absolute conservation of the
CX,CX,HX,C motif in retroviral NC pro-
teins, and the fact that all known mu-
tations in this motif are lethal for the
virus, raises the possibility that the virus
will be unable to generate mutants that
are resistant to these hydrophobic, mild
oxidizing agents. Further, the conser-
vation of the motif among unrelated
retroviruses means that murine models
of retrovirus disease can be used for ini-
tial evaluation of potential antiviral
agents. Such a rapid, inexpensive screen
is obviously essential, given the extraor-
dinarily large number of chemicals that
fit the general description of ‘hydropho-
bic, mild oxidizing agents’. In fact, one
such agent has been shown to delay the
onset of retrovirus-induced disease in
mice®. It would seem important to ex-
tend the testing of these oxidizing agents
to better models of HIV-induced disease
or into the clinic. However, the develop-
ment of other approaches for inactivat-
ing retroviruses by targeting the NC pro-
tein is an extremely worthwhile goal;
further understanding of the molecular
mechanisms that underlie nucleic-acid-
chaperone activity should make an in-
valuable contribution to this effort.
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Gathering STYX: phosphatase-like
form predicts functions for unique
protein-interaction domains

Matthew J. Wishart and Jack E. Dixon

The effects of tyrosine phosphorylation are manifested and regulated
through protein domains that bind to specific phosphotyrosine motifs.
STYX is a unique modular domain found within proteins implicated in
mediating the effects of tyrosine phosphorylation in vivo. Individual STYX
domains are not catalytically active; however, they resemble protein tyrosine
phosphatase (PTP) domains and, like PTPs, contain core sequences that
recognize phosphorylated substrates. Thus, the STYX domain adds to the
repertoire of modular domains that can mediate intracellular signaling in

response to protein phosphorylation.

PROTEIN PHOSPHORYLATION ON tyro-
sine residues is a critical step in the regu-
lation of processes such as metabolism,
proliferation and differentiation. Its
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effects arise both directly, through alter-
ations in protein structure or enzyme
activity, and indirectly, through facili-
tation of protein-protein interactions.
The phosphorylation state of a protein
is regulated by the activity of protein
tyrosine phosphatases (PTPs) and pro-
tein tyrosine kinases (PTKs) that hy-
drolyze and attach phosphate groups,
respectively (Fig. 1), to amino acid

residues in specific short sequence
motifs!.

In addition to being substrates for
PTPs, phosphotyrosine (pY) motifs serve
as binding sites for non-catalytic protein
domains that are structurally unrelated
to phosphatases. Src-homology 2 (SH2)
and phosphotyrosine-interaction/binding
(PI/PTB) domains mediate phosphoryl-
ation-dependent association with specific
pY motifs in target proteins (Fig. 1)>%. In
some cases, these domains can com-
pete with PTPs for binding to a site and
thereby prevent its dephosphorylation®.
Thus, the manner in which tyrosine
phosphorylation effects are manifested
and regulated reflects an interplay be-
tween proteins with non-catalytic binding
domains and proteins with hydrolytic
binding domains. Identification of new
pY-directed protein domains would in-
crease the range of potential functions
and regulatory mechanisms initiated by
individual phosphorylation events.

Here, we describe a unique collection
of modular protein sequences - the
STYX domains (also known as STYX-
phosphatase domains). Although related
to the PTP superfamily, STYX domains
lack phosphatase activity because of
naturally occurring substitutions of cata-
lytically essential residues. Rather than
simply being non-functional homologs
of active phosphatases, STYX domains
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